The v-rel oncogene of the avian reticuloendotheliosis virus (REV-T) encodes a member of the Rel/NF-B family of transcription factors (reviewed in references 11, 26, and 27). REV-T induces a rapidly fatal lymphoma in young chickens and transforms both immature hematopoietic cells and fibroblasts in culture (7, 9, 21, 32, 48, 52, 56) . The product of the v-rel oncogene, p59 v-rel (v-Rel), is a nuclear phosphoprotein that is a truncated and mutated version of the avian protooncoprotein c-Rel (69, 78). The deletion of the C terminus of c-Rel to produce v-Rel resulted in the removal of a cytoplasmic retention sequence and transactivation sequences (29, 62) . Like other members of the Rel/NF-B family, c-Rel and v-Rel have a conserved N terminus, the Rel homology region. This region contains sequences important for DNA binding, homoand heterodimerization, and nuclear localization (5, 24, 29, 45) . Both v-Rel and c-Rel form homodimers and heterodimers with other family members and bind to B sites located in the promoter and enhancer elements of various effector genes (42). DNA-binding complex formation and transactivation activity are necessary for the full transforming potential of v-Rel (20, 32, 50, 58, 64) . Due to the deletion of sequences involved in transcriptional activation however, v-Rel exhibits a lower transcriptional activity than does c-Rel (5, 40, 54, 62) .
The v-rel oncogene of the avian reticuloendotheliosis virus (REV-T) encodes a member of the Rel/NF-B family of transcription factors (reviewed in references 11, 26, and 27) . REV-T induces a rapidly fatal lymphoma in young chickens and transforms both immature hematopoietic cells and fibroblasts in culture (7, 9, 21, 32, 48, 52, 56) . The product of the v-rel oncogene, p59
v-rel (v-Rel), is a nuclear phosphoprotein that is a truncated and mutated version of the avian protooncoprotein c-Rel (69, 78) . The deletion of the C terminus of c-Rel to produce v-Rel resulted in the removal of a cytoplasmic retention sequence and transactivation sequences (29, 62) . Like other members of the Rel/NF-B family, c-Rel and v-Rel have a conserved N terminus, the Rel homology region. This region contains sequences important for DNA binding, homoand heterodimerization, and nuclear localization (5, 24, 29, 45) . Both v-Rel and c-Rel form homodimers and heterodimers with other family members and bind to B sites located in the promoter and enhancer elements of various effector genes (42) . DNA-binding complex formation and transactivation activity are necessary for the full transforming potential of v-Rel (20, 32, 50, 58, 64) . Due to the deletion of sequences involved in transcriptional activation however, v-Rel exhibits a lower transcriptional activity than does c-Rel (5, 40, 54, 62) .
The regulation of Rel/NF-B family members is mediated, in part, by their interaction with IB proteins. IB proteins sequester these transcription factors in the cytoplasm and inhibit their DNA binding (reviewed in references 6, 8, and 28) .
In response to external stimuli that result in the activation of Rel/NF-B complexes, IB-␣ is proteolytically degraded, allowing the nuclear translocation of these transcription complexes (35, 44, 72) . The gene encoding IB-␣ is then upregulated by the nuclear Rel/NF-B factors, establishing an autoregulatory loop that results in a transient response to exogenous stimuli (17, 18, 41, 51) . We have previously shown that v-Rel activates the transcription of IB-␣ far less efficiently than c-Rel and the induction of IB-␣ occurs with delayed kinetics (38, 65) . Moreover, avian IB-␣ transcription is synergistically regulated by Rel and AP-1 factors (49) . v-Rel, however, is less effective in the synergistic stimulation of the IB-␣ promoter than is c-Rel. Because v-Rel is impaired in the induction of IB-␣, the activity of v-Rel is less sensitive to autoregulation by IB-␣. This is likely to be an important feature in the establishment of transformation by v-Rel. The functional interaction between AP-1 factors and Rel suggested by the IB-␣ promoter analysis led us to define whether AP-1 factors play a role in the v-Rel transformation process. While this work was in progress, Fuji et al. demonstrated that the c-jun promoter is activated by v-Rel, providing additional evidence that c-Jun expression may be involved in the v-Rel transformation pathway (22) .
Functional AP-1 activity is required for cellular transformation by certain oncogenes (v-src, v-yes, v-fps, c-Ha-ras, and N-terminally truncated c-raf) but is not essential for transformation induced by others (v-ros, v-myc) (70) . AP-1 is a dimeric transcription factor composed of proteins belonging to two different families of proto-oncogene products, Jun (c-Jun, JunB, and JunD) and Fos (c-Fos, FosB, Fra-1, and Fra-2) (reviewed in references 4 and 31). AP-1 binds to a specific DNA target sequence, TGA(C/G)TCA, known as the TPA response element, to increase the transcriptional activities of target genes (3) . fos and jun are immediate-early response genes (47) . This family of genes is highly, rapidly, and transiently activated upon stimulation of quiescent cells by external stimuli, leading to cell proliferation. Moreover, the altered expression of several individual Fos or Jun proteins can result in the transformation of cells in culture, either alone or in cooperation with other activated oncogene products (14, 55, 60) . The AP-1 transcription system is subject to complex regulation (4) . Therefore, analysis of the individual activities of different members of the AP-1 family in v-Rel-transformed cells is required to understand the general mechanism by which v-Rel may affect AP-1 activity. To test the potential role of AP-1 in v-Rel transformation, the expression of the known chicken AP-1 components (c-jun, c-fos, fra-2, and junD) was analyzed at the mRNA and protein levels. In this study, we demonstrate that c-jun, c-fos, and fra-2 are differentially expressed in v-Rel-transformed cells compared with control cells, while the expression of junD is unaffected. Moreover, the transforming ability of oncogenic Rel proteins (v-Rel, c-Rel⌬, and c-Rel) correlates with their ability to alter the expression of c-Jun and other AP-1 factors. These observations suggest an involvement of AP-1 factors in the Rel-induced transformation pathway. To provide direct evidence for a functional role for AP-1 factors in v-Rel transformation, we have used the targeted inhibition of AP-1 activity by a supjun-1 transdominant mutant. The supJun mutant is missing a transactivation domain but retains both dimer-forming and DNA-binding activities (70) . The simultaneous or sequential introduction of the supjun-1 transdominant mutant with v-rel or c-rel⌬ in fibroblasts and lymphoid cells had a significant inhibitory effect on the transformation potential of these oncogenes.
MATERIALS AND METHODS
Cells and growth conditions. Chicken embryo fibroblast (CEF) cultures were prepared from 10-to 11-day-old embryos (SPAFAS, Norwich, Conn.) and were routinely grown in Dulbecco's modified Eagle's medium (JRH Biosciences) supplemented with 5% fetal calf serum (Summit Biotechnology), 3% chicken serum (GIBCO-BRL), and antibiotics as previously described (48) . For serum starvation, cultures of 5 ϫ 10 6 cells/100-mm plate were grown for 18 h in Dulbecco's modified Eagle's medium supplemented with 0.2% calf serum. Subsequently, these cells were stimulated by the addition of 10% calf serum for the times indicated. DT95 cells, an avian B-cell line derived from a chicken infected with avian leukosis virus, and the v-rel-transformed lymphoid cell line 160/2 (T-cell line) were maintained as previously described (37) . C4-1 cells (RECC-UTC4-1), a non-virus-producing lymphoblastoid pre-B-cell line obtained from reticuloendotheliosis virus transformation of spleen cells (52, 81) , were grown under the same conditions as the other lymphoid cell lines.
Plasmid constructs and virus production. All recombinant techniques were carried out by conventional procedures (63) . Oligomer TNFE2 (obtained from J. Palma) containing five AP-1 consensus binding sites (TGACTCA) was cloned into the BglII site of the pGL2-promoter vector (Promega, Madison, Wis.) to create the construct (AP-1) 5 SV40-luc. The other reporter constructs used in transactivation experiments include Ϫ73/ϩ63coll CAT and Ϫ60/ϩ63coll CAT, which contain the collagenase promoter with or without the AP-1-binding site, respectively (both kindly provided by P. Vogt) (1) . The transdominant mutant supjun-1, as well as v-rel, c-fos, and c-jun, was cloned into the expression vector pRc/RSV (Invitrogen) for transient-transactivation studies. supjun-1 was excised from the pDS3 vector (kindly provided by H. Iba) with BglII, blunt ended, and ligated with a blunt-ended XbaI-digested vector, pRc/RSV. Similarly, a 1.6-kb XbaI-ClaI fragment of v-rel with previously described modifications and a 1.3-kb KpnI fragment of c-fos (obtained from R. Muller) were blunt ended and ligated as described for supjun-1 (57) . The c-jun construct was provided by P. Vogt.
To deliver the v-rel and c-rel⌬ oncogenes or the supjun-1 transdominant mutant into cells to obtain stable cell lines, we used a replication-competent retrovirus vector, composed of pREP and pDS3 SalI fragments containing the 5Ј and 3Ј halves of the provirus, respectively (61) . The supjun-1 expression vector was generated by insertion of a 5Ј-end-truncated human c-jun sequence into the BglII site of pDS3 prior to ligation with the pREP SalI fragment (70) . The v-rel expression vector was constructed by insertion of the 1.6-kb XbaI-ClaI fragment, which was filled in with Klenow and ligated with the blunt-ended, BglII-cut pDS3. The C-terminal deletion construct of c-Rel (c-Rel⌬) was generated as described previously, and a EcoRV-EagI fragment was blunted and cloned into a bluntended BglII site of pDS3 as described for v-rel (48) .
For the production of recombinant viruses, supjun-1, v-rel, and c-rel⌬ in the pDS3 vector were completely digested with SalI and ligated to the SalI-digested pREP-A or pREP-B to create the replication-competent viruses (70) . Ligated DNAs (4 g) were transfected into CEF cultures by a calcium phosphate precipitate technique, and replication-competent virus stocks were collected from the cultures 6 or 7 days after transfection, aliquoted, and kept frozen at Ϫ70°C (16) . The infectious titer of virus stocks was measured in CEF cultures by an in situ expression assay as described below.
In situ immunohistochemical detection of virus-infected cells. To determine the infectious unit titer (IU) of the collected virus stocks, in situ immunohistochemical detection was used for virus-infected cells with an antibody against gag viral proteins. CEF cultures to be tested for viral infection were plated (7 ϫ 10 5 cells/60-mm petri dish) 24 h before infection. The following day, the growth medium was replaced with 0.5 ml of medium containing various dilutions of the viral stock. After a 2-h incubation, the medium was removed and cells were overlaid with 0.7% agar medium and grown to full confluency for an additional 5 days. The agar was removed, and the cells were washed with phosphatebuffered saline (PBS) and fixed in 2% paraformaldehyde in PBS for 30 min. The fixed cells were permeabilized by incubation in acetone-methanol (1:1) for 2 min. Subsequently, the cells were treated with the primary antibody, i.e., polyclonal rabbit anti-p27 gag serum (Life Sciences, St. Petersburg, Fla.) diluted 1:500 in PBS with 2% bovine serum albumin (BSA) for 1 h at room temperature. After being washed in PBS, the cells were incubated under the same conditions with an alkaline phosphatase-conjugated goat anti-rabbit serum (Kirkegaard & Perry Laboratories, Gaithersburg, Md.) for 1 h. The alkaline phosphatase activity was detected in the presence of 1 mg of Fast Red TR (Sigma) per ml and 0.2 mg of Napthol AS-MX phosphate (Sigma) per ml in 0.1 M Tris (pH 8.2)-0.1 M NaCl. The reaction was stopped after 10 to 20 min by extensive washing in PBS, and macroscopically visible red-stained infectious centers were counted.
Virus infections. Fresh CEF cultures (plated at 7 ϫ 10 5 cells/60-mm dish) were infected with retroviruses by incubating the virus for 2 h with the cells in the presence of Polybrene (Sigma) at 8 g/ml. The incubation was then continued overnight after dilution of Polybrene to 2 g/ml with medium. The medium was replaced the next day, and cells were subcultured as necessary. Usually after two passages, cells exhibited morphological transformation following infection with retroviruses containing v-rel.
To obtain cell populations of doubly infected CEF cultures expressing both v-Rel and the supJun mutant at similar levels, two sets of vectors that differ with respect to envelope subgroup specificity (A and B) were used for each gene. CEF cultures were first infected with the virus from subgroup A first and, 4 days later, superinfected with the virus from subgroup B to deliver the second gene (70) . Alternatively, doubly infected cultures were obtained through the application of both types of viruses simultaneously (coinfection). We routinely infect CEF cultures at a multiplicity of infection of 2. For superinfection of lymphoid cell lines with supjun-1, a multiplicity of infection of 5 to 10 was used.
DNA transfections and reporter assays. Secondary cultures of CEFs were seeded at a density of 7 ϫ 10 5 cells per 60-mm-diameter dish 1 day before transfection. DNA was transfected into CEF cultures by calcium phosphate precipitation techniques as previously described (49) . Briefly, 0.1 g of chloramphenicol acetyltransferase (CAT) reporter DNA (Ϫ73/ϩ63coll CAT, Ϫ60/ ϩ63coll CAT) was cotransfected with 3 g of vector DNA (pRc/RSV; Invitrogen) or vectors containing the c-jun or supjun-1 genes (3 and 8 g, respectively). The total DNA concentration was kept constant by adding an unrelated plasmid DNA (pBluescript). At 24 h after the glycerol shock, the cells were harvested (34) . CAT activity in cell extracts containing equal amounts of protein was determined with the CAT enzyme-linked immunosorbent assay kit (Boehringer Mannheim Corp. no. 1363727) as specified by the manufacturer. The absorbance of the samples was measured at 410 nm with a microtiter plate enzyme-linked immunosorbent assay reader (Dynatech no. MR5000). The same procedure with several modifications was applied to deliver luciferase constructs. A 1-g portion of luciferase construct [(AP-1) 5 SV40-luc] was cotransfected with vectors expressing c-jun, c-fos, v-rel, c-rel, and supjun-1 as indicated. At 36 h posttransfection, the cells were harvested (65) . Luciferase activity for equal amounts of protein was determined by the luciferase assay system (Promega no. E4030) with an MLX microtiter plate luminometer (Dynatech).
In vitro transcription and translation. Template plasmids containing c-jun, c-fos, or supjun-1 in the pTZ18R vector, cloned in the sense orientation with the T7 promoter, were linearized by restriction enzymes which cut the polylinker 3Ј of the inserted gene. For in vitro protein synthesis, the TNT T7 quick coupled transcription/translation system (Promega no. L1170) was used as specified by the manufacturer. To determine the size and quantity of the in vitro-translated proteins, parallel reactions were done in the presence of [ 35 S]methionine. These in vitro-translated proteins were analyzed by electrophoresis through sodium dodecyl sulfate (SDS)-10% polyacrylamide gels and visualized by autoradiography.
EMSA analysis. Nuclear extracts for gel shift analysis were prepared as described previously (65, 66) . For the electrophoretic mobility shift assay (EMSA) reactions, 5 g of nuclear extracts was incubated for 15 min at room temperature in a total reaction volume of 25 l containing 20 mM Tris (pH 7.5), 75 mM KCl, 40 M EDTA, 5% glycerol, 1 mM dithiothreitol, 100 g of BSA per ml, and 1 g of poly(dI-dC). Then 0.2 ng of double-stranded AP-1 oligonucleotide (end labeled with 32 P) (Santa Cruz Biotechnology, Inc. no. sc-2501) was added to the reaction mixture. The mixture was then incubated for an additional 20 min at room temperature. For competition analysis, a 100-fold molar excess of unlabeled oligonucleotide was added. For supershift analysis, 2 l of the appropriate antiserum was added, and the mixture was incubated on ice for 45 min before the addition of the labeled oligonucleotide. Samples were then analyzed by electrophoresis in a 5% polyacrylamide gel with 0.25ϫ Tris-borate-EDTA. Following the electrophoresis, the gels were dried and DNA-protein complexes were visualized by autoradiography.
In vitro-translated proteins were mixed proportionally according to the efficiency of the in vitro translations (total volume, 4.5 l) and incubated at 37°C for 45 min to allow protein-protein association. Then 5 l of binding buffer (10 mM HEPES [pH 7.9], 50 mM NaCl, 4 mM MgCl 2 , 0.1 mM EDTA, 4 mM spermidine, 2 mM dithiothreitol, 100 g of BSA per ml, 15 g of salmon sperm DNA per ml, 15% glycerol) and 1 g of poly(dI-dC) (Pharmacia) were added, and the mixture was incubated for a further 15 min at room temperature. Then 1 ng of 32 Plabeled, double-stranded DNA probe containing the FSE2-AP-1 sequence was added, and the incubation was continued at 4°C for 15 min (71) . The samples were loaded on a 5% polyacrylamide gel and electrophoresed at 4°C for an extended period to provide maximum separation of complexes. This extended electrophoresis resulted in the free probe being electrophoresed from the gel.
The oligonucleotides used for EMSA are listed below. Bold letters represent the 12-O-tetradecanoylphorbol-13-acetate responsive element, while underlined letters indicate the nucleotides that are different between the AP-1 and AP-1m oligonucleotides.
Protein analysis. Antibodies used for protein detection include a polyclonal antiserum made against a bacterially expressed c-Jun (USC30-4), kindly provided by P. Vogt. A c-Jun/AP-1 affinity-purified polyclonal antiserum corresponding to a highly conserved DNA-binding domain (residues 247 to 263) of mouse c-Jun was purchased from Santa Cruz Biotechnology (no. cs-44X). Since this antiserum is broadly cross-reactive with Jun proteins of chicken, mouse, and human origin, it was used to detect the human supJun mutant. To detect chicken Fra-2 protein, we used anti-Fra-2 (Q-20) serum, which is cross-reactive with avian Fra-2 (Santa Cruz Biotechnology no. sc-604X). This antiserum was raised against a peptide corresponding to amino acids 3 to 22 mapping at the N terminus of Fra-2 of human origin (this peptide sequence differs from the corresponding chicken sequence by two amino acids). Two v-Rel-specific antipeptide antisera were generated against the 13 C-terminal residues from the env sequences (anti-E1) or the 10 N-terminal env residues (anti-R5). c-Rel specific antiserum (anti-A5) was raised against C-terminal residues 531 to 541.
Cell lysates of virus infected cells were prepared as previously described (53) . A 20-g portion of total cellular protein or lysate derived from 2 ϫ 10 5 cells was then resolved by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) followed by electrophoretic transfer to nitrocellulose membrane (Optitran BA-S83; Schleicher & Schuell, Keene, N.H.) (80) . For detection of supJun protein, 50 g of nuclear extract was subjected to SDS-PAGE on a discontinuous 4, 10, and 18% step polyacrylamide gel (0.75 mm thick) by using a Hoefer minislab electrophoretic unit with 0.1 M Tris-0.1 M Tricine-0.1% SDS as the cathode buffer and 0.2 M Tris (pH 8.9) as the anode buffer. Immunoblots were treated with 5% nonfat dried milk and then incubated with specific antisera (polyclonal rabbit antisera diluted 1:1,000 in 5% nonfat dried milk). The secondary antibody was goat anti-rabbit serum conjugated with horseradish peroxidase (Jackson Immunoresearch Lab., Inc. West Grove, Pa, no. 111-035-003) used at a 1:5,000 dilution in 5% nonfat dried milk. The protein bands were visualized by the enhanced chemiluminescence Western blotting detection system (Dupont NEN). The results were quantified by densitometric analysis.
For 35 S metabolic labeling, cells were incubated for 3 h in methionine-and cysteine-free medium containing 5% fetal calf serum for exponentially growing cells and 0.2% fetal calf serum for starved cells. The cells were then labeled with 500 Ci of [
35 S]methionine-[ 35 S]cysteine label mix (NEG-072 express protein labeling mix [NEN Life Science Products]) per ml for 1 h. For growth stimulation, serum-starved cells (starved for 21 h) were exposed to 10% calf serum, which was added to the culture simultaneously with the label mix. Subsequently, the cells were harvested and nuclear extracts were prepared from labeled cells by the same method as that used for gel shifts. Proteins in nuclear extracts were subjected to a first immunoprecipitation with the Fra-2 antiserum, and supernatant fluids from these precipitations were reprecipitated with an anti-c-Jun antiserum.
Northern blot analysis. Total cellular RNAs were prepared from cells by acidic guanidinium thiocyanate-phenol-chloroform extraction (19) . For Northern blot analysis, RNA (15 or 20 g) was separated on 1% agarose-formaldehyde gels (63). This was followed by capillary transfer to nylon filters (Hybond-Nϩ), which were then stained with methylene blue to confirm equal loading and RNA transfer. The filters were hybridized at 65°C in the presence of 10% dextran sulfate, 5ϫ SSPE (0.9 M NaCl, 0.05 M sodium phosphate, 5 mM EDTA), 5ϫ Denhardt's solution (0.1% BSA, 0.1% Ficoll, 0.1% polyvinylpyrrolidone), 0.5% SDS, and 50 g of salmon sperm DNA per ml with one of the following randomly primed cDNA probes: 1-kb XbaI fragment of chicken c-jun, 1.3-kb KpnI fragment containing a full-length cDNA of c-fos, 1.46-kb EcoRI-PstI fragment of chicken junD, or 0.26-kb PvuII-HindIII fragment of chicken fra-2 (23, 33, 59, 60, 70) . As a control for RNA loading, the filters were rehybridized with a 1.2-kb EcoRI fragment of human glyceraldehyde phosphate dehydrogenase (GAPDH). The results were quantified by densitometric analyses.
Soft agar colony formation. CEF cultures (10 5 cells) sequentially infected or coinfected with two species of viruses were seeded in soft agar (0.37%) on top of a bed of hard agar (0.75%) 4 days after infection as previously described (48) . The cells were refed with additional soft agar medium at weekly intervals. The plates were scored for the development of colonies 4 weeks after seeding. Lymphoid cells, C4-1 or 160/2, were superinfected with supjun-1 virus or DS3 virus (carrying no insert) and were seeded into 0.37% soft agar 10 days after infection (10 4 cells/60-mm plate). Colonies were counted 2 weeks after seeding, and the mean value from three plates was determined.
RESULTS

AP-1 factors are differentially expressed in Rel-transformed cells.
We have previously observed that the steady-state level of c-Jun in v-rel-transformed fibroblasts is elevated relative to that in nontransformed cells, suggesting that early-response genes may play a role in the v-rel-induced transformation process. To test this hypothesis, we have analyzed the effect of v-rel expression on c-jun as well as the other known members of the AP-1 family. CEF cultures were infected with retrovirus expression vectors containing no insert (DS3), v-rel, c-rel⌬, or the c-rel proto-oncogene. v-rel is a strongly transforming oncogene, c-rel is a poorly transforming proto-oncogene, and c-rel⌬, whose product lacks the 40 C-terminal amino acids of c-Rel, exhibits intermediate transforming activity (48) . Ten days after infection, the time when cells exhibit the morphological change associated with the transformed phenotype, cell extracts were prepared, RNA was isolated, and the expression of various AP-1 factors (c-jun, c-fos, fra-2, and junD) was analyzed by Northern analysis.
As shown in Fig. 1A , the c-jun mRNA level was elevated twofold in v-rel as well as in c-rel⌬-transformed CEF cultures. A twofold increase in the c-jun mRNA level was also observed in the v-rel-overexpressing lymphoid cell line DT95, whereas c-rel overexpression in these cells resulted in only a slight increase (1.3-fold) in the level of c-jun transcripts (Fig. 1C) . In contrast to c-jun, junD mRNA levels were the same in control and transformed cells (Fig. 1A) . Since c-fos mRNA is not usually detected in exponentially growing CEF cultures, total RNA was also extracted from serum-starved and serum-stimulated cells. As shown in Fig. 1B , c-fos mRNA (lanes 7 to 9) was highly expressed in the control cells (lane 7) as well as in the rel-transformed cells (lanes 8 and 9) after serum stimulation but was undetectable in serum-starved cells (lanes 4 to 6). However, in exponentially growing v-Rel-transformed cells, the level of c-fos mRNA was increased (4.6-fold) compared to that in the vector-infected control cells (lanes 1 and 3) , whereas in c-Rel⌬-expressing cells, only a slight increase (1.6-fold) was observed (lane 2). To determine if the elevation of the level of c-fos mRNA in v-Rel-transformed cells is a transient or a prolonged feature, RNA was harvested at different time points after v-rel infection and the levels were evaluated by Northern analysis (Fig. 1D) . Two days after infection, as soon as v-Rel was expressed in infected CEF cultures (data not shown), the c-fos mRNA level was increased (twofold) and remained high (four-to fivefold increase) relative to control . Surprisingly, Rel overexpression seems to have a suppressive effect on the mRNA levels of another member of the fos family, fra-2. In both cell types examined, i.e., CEFs (Fig. 1B ) and the lymphoid cell line DT95 (Fig. 1C) , a lower level of fra-2 was detected following infection with rel expressing viruses in exponentially growing cells (Fig. 1B , lanes 2 and 3; Fig. 1C , lanes C and T). For v-Rel-and c-Rel⌬-transformed CEF cultures, about a 2.5-fold reduction compared to control cells was observed, whereas in DT95 cells, a more pronounced suppression following v-Rel overexpression (4.5-fold decrease) was detected. Furthermore, the lower level of expression of the fra-2 mRNA was also maintained in Reltransformed cells after growth stimulation compared to the expression in control cells (DS3) (Fig. 1B , compare lane 7 with lanes 8 and 9). While the fra-2 mRNA was highly stimulated by serum in control cells (lanes 4 and 7), the same growth stimulus resulted in lower induction and overall expression of the fra-2 mRNA in v-Rel-transformed cells (compare lanes 6 and 9). In conclusion, Rel overexpression seems to have a differential effect on the mRNA levels of the various members of the AP-1 family: it upregulates c-jun and c-fos, downregulates fra-2, and does not appear to influence the expression of junD. Next, we analyzed the effect of v-Rel on AP-1 expression at the protein level. The steady-state expression of endogenous c-Jun in exponentially growing CEF cultures infected with different viruses was analyzed by Western immunoblotting. After blotting, the membranes were cut into two parts. The upper portion was incubated with v-Rel-or c-Rel-specific antiserum to evaluate the expression of the virus-delivered oncogenes v-rel or c-rel and c-rel⌬, respectively. The lower portion was incubated with anti-c-Jun antiserum to detect endogenous cJun. As shown in Fig. 2A , v-rel-infected CEF cultures expressed 4-fold more c-Jun and c-rel⌬-infected CEF cultures expressed 3.5-fold more c-Jun than did control DS3 cells. In DT95 lymphoid cells infected with REV-T (carrying the v-rel oncogene) or REV-C (carrying full-length c-rel) in the presence of the chicken syncytial virus (CSV) helper virus, a similar 3.7-fold or 2-fold increase, respectively, was observed (Fig.  2B) . These results consistently demonstrated that in both cell types examined, there is a correlation between the transformation potential of v-rel, c-rel, or c-rel⌬ and the expression pattern of c-jun. Generally, the strongly transforming oncoprotein vRel had the most pronounced effect on c-Jun expression, while full-length c-Rel had only a moderate effect. c-Rel⌬, which exhibits enhanced transforming ability compared to c-Rel, also has a stronger effect on c-Jun levels than did c-Rel (48) . Unfortunately, we were not able to make the comparison for JunD, because JunD expression was undetectable with the available antisera (data not shown).
Due to the low level of Fra-2 and c-Fos expression, radioimmunoprecipitations were performed to detect changes in the expression of these proteins. Control and v-Rel-transformed cells which were grown under normal growth conditionsexponentially growing cells (E) or serum-starved cells stimulated with 10% calf serum (G 1 ) were labeled with [
35 S]Met-[ 35 S]Cys, and nuclear extracts were prepared. Proteins in these extracts were immunoprecipitated with Fra-2 antiserum (Fig.  2C, lanes 1 to 4) , and the supernatant fluids from these Fra-2 precipitations were subjected to a second precipitation with c-Jun antiserum to detect associated c-Fos (lanes 5 to 8). By using this approach, it was demonstrated that Fra-2 proteins (the molecular masses of unphosphorylated and phosphorylated forms range from 40 to 46 kDa) were expressed at a higher level in control cells than in v-rel-infected cells and that this pattern of expression did not change substantially after serum stimulation (lanes 1 to 4) . c-Fos proteins were detected by secondary coimmunoprecipitations with anti-c-Jun antiserum. In serum-stimulated CEF cultures (infected with DS3 or v-rel), highly phosphorylated c-Fos was observed at the expected molecular mass, whereas in exponentially growing cells, c-Fos was barely detected. These protein analyses corre- In conclusion, the altered mRNA and protein expression patterns of various AP-1 members in Rel-transformed cells compared to those in control cells led us to examine the role of AP-1 in the Rel-induced transformation pathway.
Expression of a supjun-1 transdominant mutant downregulates c-jun. We used the targeted inhibition of AP-1 by a supjun-1 transdominant mutant to define a functional role for AP-1 factors in v-Rel transformation. Since c-jun expression is positively regulated by its own product (2), the presence of supJun is likely to downregulate c-jun expression. To test this hypothesis, the expression of endogenous c-jun in supjun-1-expressing CEF cultures versus control cells (DS3 infected) was assayed by Northern and Western blot analyses. Figure 3A shows that in supjun-1-expressing CEF cultures, the c-jun mRNA level was decreased twofold. Similarly, the expression of the supJun protein reduced the steady-state level of the c-Jun protein approximately twofold as determined by densitometry (Fig. 3B) . The membrane was stained with Ponceau S to verify equal protein loading, and then the top half of this Western blot was incubated with c-Jun antiserum to detect endogenous c-Jun (40 kDa) and the bottom half was incubated with a panspecific Jun antiserum to detect the human supJun protein. The multiple proteins detected in the bottom panel most probably represent breakdown products of supJun (expected size, 15 kDa). In addition, a 1.5-fold decrease in the expression of endogenous c-Jun was detected in the REV-Ttransformed lymphoid cell lines C4-1 and 160/2 superinfected with the virus expressing supjun-1 (Fig. 3C) . These results indicate that one of the inhibitory effects of supjun-1 on AP-1 activity may be the direct downregulation of c-jun.
SupJun inhibits c-Jun as well as v-Rel-induced transactivation. SupJun, which is missing the transactivation domain of c-Jun but retains its specific DNA binding activity and leucine zipper domain, is expected to be a transdominant inhibitor of AP-1-mediated transcriptional regulation (70) . To demon- 35 S labeled for 60 min, and proteins in nuclear extracts were immunoprecipitated with anti-Fra-2 serum (lanes 1 to 4) . Then the supernatant fluids from these Fra-2 precipitations were subjected to a second precipitation with anti-c-Jun serum (lanes 5 to 8) to detect coprecipitated c-Fos. Proteins in immunoprecipitates were resolved by SDS-PAGE (10% polyacrylamide) and visualized by autoradiography after exposure of the X-ray film for 3 weeks. (50 g ) from infected CEF cultures were analyzed on a discontinuous 4, 10, and 18% step polyacrylamide gel as described in Materials and Methods and then subjected to immunoblotting. After blotting, the membranes were cut into two parts. The top half was incubated with anti-c-Jun serum to detect endogenous c-Jun (40 kDa), and the bottom half was incubated with a panspecific Jun antiserum to detect the human supJun protein. (C) Nuclear extracts (50 g) from v-Rel-transformed lymphoid cells C4-1 and 160/2 were isolated, and protein expression was analyzed 10 days after superinfection with DS3 or supjun-1 viruses as described for panel B.
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on December 18, 2017 by guest http://mcb.asm.org/ strate that supJun inhibits AP-1-mediated transactivation, we have used a reporter construct from the human collagenase promoter (containing a single AP-1-responsive element) linked to the CAT gene (Ϫ73/ϩ63coll CAT). This reporter was cotransfected with expression plasmids (Rc/RSV; Invitrogen) carrying c-jun, supjun-1, or both. Figure 4A , lane 2, demonstrated a 3.5-fold increase over basal-level endogenous activity in CAT when c-jun was transfected into CEF cultures. This activity was mediated by AP-1, since a reporter CAT construct with the AP-1 site deleted (Ϫ60/ϩ63coll CAT) showed no increase in CAT activity when cotransfected with c-jun (lane 8). Moreover, cotransfection with increasing amounts of supjun-1 with a constant amount of c-jun resulted in suppression of CAT activity (lanes 5 and 6). In addition, supjun-1 was able to suppress the basal level of endogenous AP-1 activity (lanes 3 and 4) . It has been shown recently that v-rel can transactivate the c-jun promoter (22) . Based on this observation, one might expect that v-rel, by activating c-jun, could also potentially modulate the collagenase reporter construct. We were, however, unable to show that v-rel can mediate the transactivation of the CAT-linked collagenase reporter construct (data not shown). However, using a luciferase construct with multiple AP-1-binding sites cloned upstream of the simian virus 40 (SV40) promoter [(AP-1) 5 SV40-luc], we observed a strong activation of luciferase activity not only with vectors expressing c-fos and c-jun genes (Fig. 4B, lane 6 ) but also with those expressing v-rel and to a lesser extent c-rel (lanes 2 and 3) . This strong activation by v-rel (a 35.8-fold increase) was inhibited by cotransfection with supjun-1 (lane 5). The activation of the (AP-1) 5 SV40-luc construct was AP-1 mediated, since the SV40-luc construct lacking AP-1-binding sites was not activated by any of the genes examined (lanes 8 to 12). Figure 4 shows the results obtained from at least three different experiments. The much stronger activation of the (AP-1) 5 SV40-luc construct than of the collagenase-CAT reporter was probably due to the presence of multiple AP-1-binding sites in the former construct instead of just a single AP-1 site in the latter construct. Furthermore, the luciferase assay system is more sensitive than the CAT assay system. The results obtained from these transactivation experiments confirm that the supjun-1 mutant can inhibit c-jun-and v-rel-induced transactivation of AP-1-controlled promoters in CEFs.
AP-1 reporters are activated in Rel-transformed cells. In the previous section, it was demonstrated that Rel proteins increase the expression of AP-1 reporter constructs in transienttransfection assays (Fig. 4A and B) . Next, we wanted to assay the expression of AP-1 reporter constructs in transformed cells. CEF cultures were infected with control virus carrying no insert, DS3, v-rel, or c-rel⌬. At 8 to 14 days later, when relinfected cells exhibited all features of morphological transformation, the cells were transfected with Ϫ73/ϩ63coll CAT or (AP-1) 5 SV40-luc reporters. The transfection efficiency was monitored by the expression of a cotransfected RSV␤-Gal reporter. The expression of both AP-1 reporter constructs was elevated in Rel-transformed cells compared to that in uninfected CEF cultures or those infected with control virus carrying no insert (DS3) (Fig. 5A and B) . A more pronounced activation of the AP-1 reporter constructs was detected in v-Rel-transformed cells than in c-Rel⌬-transformed cells. The expression of Rel proteins had no significant impact on the expression of reporter constructs lacking AP-1 sites (Ϫ60/ ϩ63coll CAT, SV40-luc), indicating that the specific activation of these constructs in the Rel-transformed cells was mediated by AP-1 sites (Fig. 5) . The activation of the Ϫ73/ϩ63coll CAT reporter construct in these experiments, as opposed to the transient-transfection assays described in the previous section, is probably due to the higher expression of Rel proteins in transformed cells. The results of these experiments confirm that AP-1 activity is significantly elevated in Rel-transformed cells.
SupJun ing an AP-1 site in the presence and/or absence of the supJun protein. Proteins were synthesized separately by using a reticulocyte lysate-based in vitro transcription-translation system and then mixed and incubated at 37°C for 45 min to allow the formation of dimers. The preincubated protein mixture was then tested for DNA binding by an EMSA. The binding reactions and electrophoresis were done at 4°C to detect the binding of not only heterodimers but also the less stable homodimers. Figure 6A To compare protein complexes formed by in vitro-translated c-Fos, c-Jun, and supJun with complexes formed with nuclear extracts from supjun-1-expressing CEF cultures, proteins in nuclear extracts were electrophoresed on the same gel adjacent to the in vitro-translated proteins (Fig. 6A, lane 12) . A similar profile of protein complexes was observed between the in vitrotranslated and the nuclear extract samples. The slower migration of the in vitro-translated proteins is most probably due to differences in posttranslational modifications.
Next we examined the AP-1 DNA-binding activity in nuclear extracts derived from CEF cultures infected with viruses containing no insert, expressing v-Rel, or expressing c-Rel⌬ (Fig.  6B) . Nuclear extracts prepared from CEF cultures infected with DS3 generated two complexes (A and B), of which the top band (A) represents the major complex. Nuclear extracts from CEF cultures expressing v-Rel or c-Rel⌬ demonstrated greatly enhanced bandshifts (2.5-to 3-fold increase) with the same mobility observed in DS3-infected CEF cultures (compare lane 2 with lanes 3 and 4). These complexes do not bind to a mutant AP-1 oligonucleotide (lanes 6 to 8). In addition, competition experiments were performed with a consensus AP-1 or mutated AP-1 oligonucleotide as the competitor (Fig. 6C) . In the presence of the mutated AP-1 oligonucleotide, the top bands (A and B) were clearly visible, even at a 100-fold molar excess (lane 8). In contrast, a 100-fold excess of the consensus AP-1 oligonucleotide completely abolished all complexes (lanes 6, 7, and 11). The slower-migrating complex (A) appears to contain c-Jun since it was sensitive to treatment with c-Jun antisera (Fig. 6C, lanes 1 and 14) . Unfortunately, we were unable to identify any other AP-1 members in these complexes, since antiserum against chicken c-Fos is not available and none of the purchased cross-reactive Fra-2 antisera were able to supershift or inhibit specific protein-DNA complexes (data not shown). The treatment of extracts from v-Rel-transformed cells with anti-c-Jun serum resulted in a significant reduction of AP-1-binding activity and the formation of two supershifted DNA-protein complexes (lane 15). To determine the binding profile of supJun in vivo and whether it functions by interfering with the ability of endogenous AP-1 factors to bind to DNA, nuclear extracts from supjun-1-infected cells were examined. These extracts generated additional complexes, as shown in lanes 4, 5 and 10. Complexes designated C were detected mainly in nuclear extracts derived from CEFs (lanes 4 and 5). . The observed differences in the nature of the supJun complexes in CEFs and lymphoid cells may be related to the level of supJun expression as well as to the differences in the level of AP-1 factors expressed in these two cell systems. Extracts from CEF cultures coinfected with v-reland supjun-1-expressing viruses consistently generated lower levels of the higher-molecular-weight complexes (designated A and B) when compared to CEF cultures infected with v-rel alone (compare lanes 2 and 5). This indicates that supJun, by forming heterodimers with Fos/Jun family members, competitively inhibits these factors from binding to AP-1 sites. In conclusion, v-Rel-overexpressing cells exhibited elevated levels of c-Jun as well as elevated levels of AP-1-binding activity. Moreover, the expression of the supJun transdominant mutant decreased AP-1-binding activity, probably by modulating c-jun expression (as shown in the previous section) and also by competing with wild-type Fos/Jun family members for binding to AP-1 sites.
SupJun inhibits v-Rel-and c-Rel⌬-induced transformation. Consistent with the results of others, our data demonstrate that supJun can function as a general inhibitor of AP-1 activity, as measured through DNA-binding and transactivation assays (70) . Since elevated AP-1 activity in v-Rel-transformed cells indicates a possible involvement of these early response genes in the v-Rel-induced transformation process, the effect of supJun on v-Rel transformation was examined. To perform these studies, CEF cultures were infected with v-rel-and supjun-1-expressing viruses to determine if supJun could block the transformation of this cell type. Since transformed cells are known to display anchorage-independent growth, transformation efficiency was assayed by growth in agar suspension. Secondary cultures of CEFs were coinfected or sequentially infected with viruses carrying the rel oncogenes and supjun-1. Four days after the second infection, the cells were plated in soft agar and the expression of the oncoproteins (v-Rel or c-Rel⌬) and supJun was confirmed by Western blot analysis as described in Materials and Methods (data not shown). No difference in the expression of v-Rel or c-Rel⌬ was observed in cells expressing supJun from that in cells expressing these oncoproteins alone (data not shown). While infection of CEF cultures with the DS3 vector alone failed to transform CEFs, the v-Rel-or c-Rel⌬-containing viruses produced multiple colonies in soft agar. On average, 10 5 v-rel-infected CEFs seeded in soft agar produced 229 colonies and 10 5 c-rel⌬-infected CEFs produced 201 colonies. The total numbers of colonies varied to some extent from experiment to experiment but were not substantially reduced if v-rel infection was followed by superinfection with DS3 of a different subgroup (B) or if sequential infection was done in the reverse order. However, coinfection of v-rel with supjun-1 or infection of v-rel followed by supjun-1 superinfection (or vice versa) demonstrated a substantial inhibitory effect on colony formation in soft agar (Table 1). A similar suppressive effect of supJun was detected in c-Rel⌬ transformation ( Table 1 ). The suppressive effect of supJun expression on colony formation was measured by determining the relative transformation efficiency, which represents the transformation efficiency of Rel-and DS3-infected CEFs (defined as 100%). The results show that transformation (Table 1) . In addition, the suppressive effect of supJun was observed in the cellular morphology (Fig. 7) . When DS3-infected CEF cultures were subsequently infected with v-rel or c-rel⌬, the cells were clearly morphologically transformed, assuming a polygonal cellular morphology with a high saturation density (compare Fig. 7A with Fig. 7B and E) . In contrast, CEF cultures infected with supjun-1 followed by v-rel or c-rel⌬ retained a morphology similar to that of cells infected with the vector alone (compare Fig. 7A with Fig. 7C and G) . When the order of introduction of the rel genes and supjun-1 was reversed, the inhibitory effect of supJun on Rel transformation was not substantially changed (Fig. 7D and H) .
Since the natural targets of the v-rel oncogene are lymphoid cells, we also examined whether supJun can inhibit or reduce the colony-forming activity of v-rel-transformed lymphoid cells. Two lymphoid cell lines which were derived from REV-Tinfected spleen cells were used in this study (C4-1 and 160/2 represent B and T cells, respectively). All cell lines examined expressed a high level of the v-Rel oncoprotein (data not shown). For the introduction of supjun, a highly concentrated virus stock was used and the efficiency of virus infection was determined by indirect immunofluorescence with a primary antibody to the p19 gag protein. Seven days after infection, the majority of the cells (60 to 98%) showed strong expression of the gag protein whereas uninfected cells were completely negative. The expression of supJun was verified by Western blot analysis and is shown in Fig. 3C . The supjun-1 viral infection did not seem to impair the growth potential of the tested lymphoid cells when they were grown in mass culture at high density. However, when cells superinfected with supjun-1 were seeded in soft agar, a dramatic decrease in the number and size of colonies was observed compared to those for cells infected with control virus (DS3) ( Table 1 ). Compared to control cells, the supjun-1-superinfected lymphoid cells fail to grow when plated out in a limiting-dilution assay (data not shown). The in vivo function of supJun in CEFs and lymphoid cells was clearly dependent on its level of expression. When a high level of expression was reached, a more pronounced inhibitory effect on soft agar colony formation was consistently observed. In conclusion, the results obtained from both CEF cultures and v-Rel-transformed lymphoid cells consistently demonstrated that the transdominant mutant supJun, through its inhibition of AP-1 activity, can also inhibit the oncogenic potential of v-Rel-transformed cells. This implies a direct involvement of AP-1 factors in the v-Rel transformation pathway.
DISCUSSION
The exact mechanisms by which oncogenes regulate the activity of their "downstream targets" are still not understood. One of the models developed to explain the mechanism by which v-Rel effects transformation of avian lymphoid cells is that v-Rel binds to DNA and directly alters the expression of cellular genes (30) . The role that v-Rel plays in gene expression has been controversial. Some studies suggest that v-Rel may act as a dominant negative repressor of B-dependent transcription (5, 40, 54, 62) . The repressive function, however, is not sufficient for transformation by v-Rel. A C-terminal deletion mutant of v-Rel fully represses B site-dependent transcription but fails to transform cells (64, 77) . v-Rel also functions as a transcriptional activator. A few cellular genes are activated by v-Rel more efficiently than by c-Rel, and these genes might play an important role in v-Rel-induced transformation (10, 22, 37, 68, 76) .
In this paper, we provide conclusive evidence that AP-1 factors are directly involved in the v-Rel transformation pathway. supJun functions as a general inhibitor of AP-1 activity in avian fibroblast and lymphoid cells. Coinfection or sequential infection with viruses expressing the v-rel oncogene and supjun-1 significantly reduces the ability of lymphoid cells to form colonies in soft agar and interferes with the ability of v-Rel to morphologically transform avian fibroblasts (Table 1 ; Fig. 7 ). Fibroblast cultures transformed by v-Rel revert to a normal phenotype after infection by a retroviral vector encoding supjun-1 (Fig. 7) .
The major components of AP-1, c-Fos and c-Jun, belong to the family of the immediate-early genes whose transcription is highly, rapidly, and transiently activated upon stimulation by external stimuli (4, 47) . c-Fos and c-Jun have been proposed to act as nuclear third-messenger molecules that function in coupling short-term signals to long-term adaptive changes in cell phenotype by regulating the expression of specific target genes. Moreover, c-Fos and c-Jun are metabolically unstable, being degraded rapidly with half-lives of about 10 and 60 min, respectively (47, 75) . The instabilities of these proteins are presumably important for down regulation of the transactivation of target genes by AP-1, which appears to be essential for regulating cellular function or normal cell cycle progression. When continuously expressed at high levels, c-fos and c-jun transform cells (14, 55) . Our results demonstrate that v-Rel induces the expression of c-fos and c-jun, suppresses fra-2 expression, and has no effect on junD expression. It is, however, unclear whether the elevated expression is due to increased mRNA stability or increased mRNA transcription. Other Rel proteins (c-Rel and c-Rel⌬) in addition to v-Rel were evaluated for their regulatory effect on AP-1 components. The transforming ability of Rel proteins correlated with their ability to alter the expression of AP-1 factors. Moreover, our results indicate that the modulations of the expression of c-fos, c-jun, and fra-2 by v-Rel are not transient. The sustained elevated levels of c-fos and c-jun mRNA and protein as well as suppressed levels of fra-2 were observed at a number of time points in cells expressing v-Rel. It is assumed that the prolonged induction or repression of these AP-1 components results in long-term changes in the composition of AP-1 complexes. Because different members of the fos and jun families have distinct transcriptional activities and possibly sequence recognition properties, changes in the composition of the AP-1 complex are likely to affect the level and spectrum of genes under their control.
A strong differential effect of v-Rel on the expression of specific AP-1 members suggests that v-Rel is highly selective in the activation or repression of genes even within one family of transcription factors. However, the mechanism by which v-Rel modulates the transcription of different AP-1 members is not understood. Recently, it has been shown that v-Rel activates the promoter of c-jun. Two regions in the promoter are required: a B site located between Ϫ87 and Ϫ76 and a region between Ϫ52 and ϩ148 (22) . Whether the expression of c-fos and fra-2 is regulated directly by activating or repressing promoters through specific sequences or by an indirect mechanism remains to be determined. Generally, changes in AP-1 activity in response to extracellular signals are regulated both at the level of transcription of the fos and jun genes and by posttranslational modifications of preexisting AP-1 factors (reviewed in references 31, 39, and 43). The observed elevated levels of c-fos and c-jun mRNA in v-Rel-transformed cells resulted in the increased synthesis of Fos-Jun dimers and increased AP-1 activity ( Fig. 1, 2, and 6B ). This increased AP-1 activity might further induce c-jun transcription through the AP-1 motif, DS3 (F) or supjun-1 (G) . When the order of introduction of the rel genes and supjun-1 or DS3 was reversed, the inhibitory effect of supJun expression on the Rel-induced transformation was not substantially changed: DS3 followed by v-rel resulted in a transformed phenotype (E), whereas infection of CEF cultures with the supjun-1 rendered them resistant to subsequent transformation by v-Rel (H) or c-Rel⌬ (D). Infected cells were passaged in vitro for 10 days after the second superinfection and then photographed at a magnification of ϫ200.
known as the TPA response element, in its promoter (positive autoregulation). However, the expression of the transdominant mutant supJun in CEF cultures leads to a decreased expression of endogenous c-jun at both mRNA and protein levels (Fig. 3) . It is most likely that supJun/c-Jun heterodimers, due to the absence of a transactivation domain in supJun, mediate less efficient autoregulation of the c-jun promoter, leading to a decreased expression of c-jun (quenching mechanism) (12) . It would be interesting to determine the effect of supjun-1 on the expression of endogenous c-fos, but such an analysis is not feasible due to the barely detectable c-fos levels in exponentially growing cells. However, for fra-2, whose basal expression may be determined, similar experiments indicate that the level of Fra-2 and the extent of Fra-2 hyperphosphorylation were not affected by the expression of supJun (70) .
The induction of transcription from the c-fos promoter is an early and complex event. Several cis elements mediate c-fos induction to a diverse spectrum of extracellular stimuli (15, 25, 36, 43, 73, 74) . This results in increased synthesis of c-Fos, which, upon translocation to the nucleus, combines with preexisting Jun proteins to form AP-1 dimers that are more stable than those formed by the Jun protein alone. However, the induction of c-fos transcription is a transient event because of its rapid repression by its own gene product (negative autoregulation) (13, 46, 67, 79, 82) . Decreased levels of Fos, in turn, reduce both AP-1 activity and c-jun transcription (31) . The complex control of the fos promoter presumably allows tight regulation of fos transcription under different physiological conditions and in different cellular environments (31) . In contrast, our results clearly show that v-Rel overexpression is accompanied by sustained elevated levels of c-fos mRNA and probably c-Fos protein (Fig. 1D) . v-Rel, by an as yet unknown mechanism, interferes with the c-fos negative autoregulatory circuit leading to long-term c-fos upregulation. Deregulated expression of c-Jun and c-Fos, in turn, might lead to cell transformation. Therefore, it is likely that AP-1 components or at least their subsets are common target molecules which are regulated by the B pathway and mediate abnormal cell proliferation. Interestingly, other oncogenes have also been shown to modulate AP-1 activity (4, 31, 70) . In cells transformed by v-src, c-Ha-ras, and N-terminally truncated c-raf, the elevated levels of c-Jun and Fra-2 were observed while c-Fos was not detectable. Since our results show a different modulation pattern of the AP-1 family members, it is obvious that different oncogenes use different mechanisms to alter AP-1 activity. These may include, besides alterations in the expression of various jun and fos genes, posttranslational modifications of preexisting and newly synthesized AP-1 complexes. The activity of the AP-1 transcription factor is regulated by phosphorylation (reviewed in references 39 and 43). Phosphorylation by protein kinases can affect the interaction of the transcription factor transactivation domain with the transcriptional machinery (39) . Further studies are needed to determine if the expression of v-Rel alters the phosphorylation status of different AP-1 factors, which might represent another important mechanism mediating v-Rel-induced transformation.
